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Abstract
We systematically study the modifications in the couplings of the Higgs boson, when identified
as a pseudo Nambu-Goldstone boson of a strong sector, in the light of LHC Run 1 and Run 2 data.
For the minimal coset SO(5)/SO(4) of the strong sector, we focus on scenarios where the standard
model left- and right-handed fermions (specifically, the top and bottom quarks) are either in 5 or
in the symmetric 14 representation of SO(5). Going beyond the minimal 5L − 5R representation,
to what we call here the ‘extended’ models, we observe that it is possible to construct more than
one invariant in the Yukawa sector. In such models, the Yukawa couplings of the 125 GeV Higgs
boson undergo nontrivial modifications. The pattern of such modifications can be encoded in a
generic phenomenological Lagrangian which applies to a wide class of such models. We show that
the presence of more than one Yukawa invariant allows the gauge and Yukawa coupling modifiers to
be decorrelated in the ‘extended’ models, and this decorrelation leads to a relaxation of the bound
on the compositeness scale (f ≥ 640 GeV at 95% CL, as compared to f ≥ 1 TeV for the minimal
5L−5R representation model). We also study the Yukawa coupling modifications in the context of
the next-to-minimal strong sector coset SO(6)/SO(5) for fermion-embedding up to representations
of dimension 20. While quantifying our observations, we have performed a detailed χ2 fit using
the ATLAS and CMS combined Run 1 and available Run 2 data.
1 Introduction
With increasing precision in measurements of the Higgs boson properties at the Large Hadron Collider
(LHC), the possibility that the Higgs may be a composite object [1–5] can be put to stringent tests. In
this context, the scenarios where the Higgs is identified as a pseudo Nambu-Goldstone boson (pNGB) of
a strongly interacting sector are of special interest. This has received considerable attention following
its identification as a holographic dual of 5d gauge-Higgs unification models [6–9]. In this paper,
however, we stick to an effective 4d scenario, and do not comment on possible UV completion of
such models. The approximate shift-symmetry of the pNGBs can screen the weak scale from physics
beyond the compositeness scale (f ∼ O(TeV)). This provides a well-motivated framework for natural
electroweak symmetry breaking.
The direct signatures of these models at the LHC could be the appearance of additional resonances
of the strong sector [10–18]. However taking cue from non-observation of these resonances, attempts
have been made to push up the resonance masses while keeping the theory still natural [19–23]. The
other inevitable and testable features of these models are deviations of the Higgs couplings compared
to their standard model (SM) predictions. One of the consequences of compositeness is that the
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couplings are replaced by form factors which are momentum dependent. However, it is difficult to
test this momentum dependence at the LHC. Nevertheless, the nonlinearity of the pNGB dynamics
provides a finite shift in the Higgs couplings measurable in the precision era of the LHC. In this paper
we make a systematic study of the pattern and constraints on such modifications that arise in a general
class of composite Higgs models.
We categorize the scenarios considered under three major heads:
• Minimal model: Coset SO(5)/SO(4), with both the left- and right-handed fermions kept in the
fundamental 5 of SO(5), represented in literature as MCHM5L−5R [24–29].
• Extended models: Coset SO(5)/SO(4), with at least one of the left- or right-handed fermions kept
in the symmetric 14 of SO(5). They are denoted in literature as MCHM14L−14R , MCHM14L−5R ,
and MCHM5L−14R [29–35].
• Next-to-minimal models: Coset SO(6)/SO(5), denoted as NMCHM, with different choices of
representation up to dimension 20 [21, 36–44].
The couplings of the pNGB Higgs with the weak gauge bosons (V V h) are usually suppressed in
a general class of composite models. The parameter ξ ≡ v2/f2  1, where v = 246 GeV is the
electroweak vacuum expectation value (vev), controls this suppression. The Yukawa couplings are
generated through a mixing between the elementary fermions and the operators of the strong sector.
Once the strong sector is integrated out the effective Higgs-fermion interaction term looks like [45,46],
Leff ∝ f¯LHfRF
(
H†H
f2
)
, (1.1)
where F(H†H/f2) is a function of the SU(2)L doublet Higgs field (H). The contributions from the
higher dimensional operators with independent coefficients, added to the SM dimension-4 Yukawa
term, give rise to a modification in the couplings of the Higgs with the fermions (ff¯h), see also [47,48]
in a different context. In the minimal model, the SM fermions couple to only one operator of the strong
sector. As a result the modification of the couplings depends on only one free parameter ξ. The other
parameters in the effective Lagrangian are fixed from the requirement of reproducing the corresponding
SM fermion mass. Therefore, ff¯h and V V h couplings get highly correlated, and stringent constraints
on f emerge [49, 50] from the increasingly precise measurements of Higgs production and decays
at LHC. In the extended models, owing to the presence of more than one invariant in the Yukawa
sector with different coefficients, the correlation between ff¯h and V V h modifiers is weakened, and we
observe a possible relaxation of the bound on f . This happens in certain regions of the parameter space
where a possible enhancement in ff¯h vertex can partially offset the suppression in V V h coupling.
Additionally, the extended models, carrying more than one invariant in the Yukawa sector, have the
distinct advantage of being free from ‘double tuning’ [30]5.
In this paper, we first concentrate on a systematic and comparative study of various possibilities of
Higgs coupling modifications in the context of the extended models6. For each such possibilities, we
5∆ = 1/ξ is a measure of minimal tuning in any composite Higgs model. On top of this, an additional tuning, dubbed
‘double tuning’, arises in scenarios (e.g. MCHM5L−5R) where the coefficients of the quadratic and quartic terms in the
potential are not in the same order of the elementary-composite mixing parameter. This can be avoided when either the
fermion kinetic and/or the Yukawa terms contain at least two invariants.
6We do not consider representation 10 of SO(5) because it does not lead to more than one Yukawa invariant keeping a
discrete parity that protects the Zbb¯ vertex [29,51]. Note that the choice MCHM14L−1R , where tR can be fully composite,
involves minimal tuning as compared to the double tuned MCHM5L−5R [30]. However, we do not consider this choice
because it contains a single Yukawa invariant.
2
construct one-loop Coleman-Weinberg Higgs potential [52], and identify regions of parameters space
where the top mass, Higgs mass and the electroweak vev are reproduced. Next we consider the next-
to-minimal model which contains a SM scalar-singlet (η) apart from the Higgs doublet. Their mixing
can significantly modify the observed Higgs boson couplings. In this context also, we survey different
fermionic representations and calculate the corresponding modifications to Yukawa couplings.
We then construct an effective phenomenological Lagrangian whose parameters capture the coupling
modifications of a general class of models mentioned earlier. The explicit connection between the
coefficients of the Lagrangian and the parameters of the specific models is specified on a case-by-case
basis. We perform a χ2 analysis with the ATLAS and CMS combined Run 1 [53] and available Run
2 data [54–66] to estimate a bound on f in the extended models and compare it with that of the
minimal model. In the context of the next-to-minimal model, we provide an estimate of the amount
of doublet-singlet scalar mixing allowed by the current data.
The rest of the paper is organized as follows. In Section 2 we review the consequences of various
fermionic embedding for SO(5)/SO(4) as well as SO(6)/SO(5) cosets. In Section 3 we present a
phenomenological Lagrangian that captures the generic features of a wide class of models in terms
of the Higgs coupling modifiers. Following this parametrization we perform a fit to the existing data
using the χ2 minimization technique in Section 4. Finally, we draw our conclusions in Section 5.
2 Composite Models and Modified Yukawa Couplings
In this section we consider different representations for fermions in SO(5)/SO(4) and SO(6)/SO(5)
cosets and work out the modifications in the top quark Yukawa coupling in a systematic manner.
2.1 SO(5)/SO(4) Coset
As long as the coset is SO(5)/SO(4), the modification in V V h coupling is solely determined by ξ, as
kV V h =
gV V h
(gV V h)SM
=
√
1− ξ ' 1− 1
2
ξ . (2.1)
The number of Yukawa invariants, on the other hand, depends on the representations in which tL
and tR are embedded. We write down the relevant invariants using the pNGB representation Σ =(
0, 0, 0, h/f,
√
1− h2/f2
)T
in the unitary gauge :
• tL and tR in 5 (MCHM5L−5R): (Q5tL .Σ)(ΣT .T 5tR) ,
• tL and tR in 14 (MCHM14L−14R): ΣT .Q14tL .T 14tR .Σ , (ΣT .Q
14
tL
.Σ)(ΣT .T 14tR .Σ) ,
• tL in 14, tR in 5 (MCHM14L−5R): ΣT .Q14tL .T 5tR , (ΣT .Q
14
tL
.Σ)(ΣT .T 5tR) ,
• tL in 5, tR in 14 (MCHM5L−14R): Q5tL .T 14tR .Σ , (Q
5
tL
.Σ)(ΣT .T 14tR .Σ) .
Above, QtL and TtR contain tL and tR as incomplete SO(5) multiplets, respectively (see Appendix
A.1). The most general Lagrangian involving the top quark can be written as
L = tL/qΠtL(q, h)tL + tR/qΠtR(q, h)tR + tLΠtLtR(q, h)tR + h.c. (2.2)
3
Models ΠtL(q, h) ΠtR(q, h) ΠtLtR(q, h)
MCHM5L−5R Π
L
0 + Π
L
1
h2
f2
ΠR0 + Π
R
1
h2
f2
ΠLR1
h
f
√
1− h2
f2
MCHM14L−14R Π
L
0 + Π
L
1
h2
f2
+ ΠL2
h4
f4
ΠR0 + Π
R
1
h2
f2
+ ΠR2
h4
f4
h
f
√
1− h2
f2
(
ΠLR1 + Π
LR
2
h2
f2
)
MCHM14L−5R Π
L
0 + Π
L
1
h2
f2
+ ΠL2
h4
f4
ΠR0 + Π
R
1
h2
f2
h
f
(
ΠLR1 + Π
LR
2
h2
f2
)
MCHM5L−14R Π
L
0 + Π
L
1
h2
f2
ΠR0 + Π
R
1
h2
f2
+ ΠR2
h4
f4
h
f
(
ΠLR1 + Π
LR
2
h2
f2
)
Table 2.1: List of Π-functions, defined in Eq. (2.2) for different representations.
The dependence on the strong sector dynamics is encoded inside the momentum dependent Π-
functions. In Table 2.1, we show the explicit forms of those functions for various representations
in terms of the Higgs field with coefficients ΠL,R,LR0,1,2 (q). The expressions for the latter in terms of the
masses (mi) and decay constants (F
L,R
i ) of the strong sector resonances are given in the Appendix B
for the extended models, namely, MCHM14L−14R , MCHM14L−5R and MCHM5L−14R respectively. The
mass of the top quark and the modification of top Yukawa can be calculated from Eq. (2.2) as
mt =
|ΠtLtR(q, h)|√
ΠtL(q, h)ΠtR(q, h)
∣∣∣∣
q→0, h→v
, ktth =
ytth
(ytth)SM
=
1
(ytth)SM
(
1− 1
2
ξ
)
∂mt
∂v
. (2.3)
In the second equality of Eq. (2.3), the factor
(
1− 12ξ
)
arises due to canonical normalization of the
Higgs field. As argued in [31,67], the top quark contribution to the effective gluon-gluon-Higgs (ggh)
coupling in composite Higgs models is independent of the wave function renormalization effects of the
top quark due to cancellation with resonance loops. This would imply a deviation in effective ggh
coupling compared to the effective tth coupling. The modification of the effective ggh coupling can
be expressed as
k
(t)
ggh =
cggh
(cggh)SM
=
1
(cggh)SM
(
1− 1
2
ξ
)
∂ log |ΠtLtR(q, h)|
∂h
∣∣∣∣
q→0, h→v
. (2.4)
The one-loop Coleman-Weinberg Higgs potential receives largest contribution from the top quark, as
Veff = −2Nc
∫
d4q
(2pi)4
log
(
q2ΠtLΠtR + |ΠtLtR |2
) ' −αh2
f2
+ β
h4
f4
. (2.5)
The coefficients α and β above are integrals over the form factors. A similar contribution to α
arises from gauge boson loops with opposite sign (largest contribution from SU(2)L gauge bosons),
parametrized as [68,69]
αg ' −cg 1
16pi2
9
2
g2g2ρf
4, (2.6)
where cg is an O(1) positive constant absorbing the details of the integration, g is the SU(2)L gauge
coupling, and gρ corresponds to that of strong sector spin-1 resonances. The gauge contribution
to β is numerically small. To calculate the top-induced contribution to α and β, we use certain
parametrization of the momentum dependent form factors based on scaling arguments. The decay
constants and the top-partner masses are parametrized as
FL,Ri = λ
L,R
i f , mi = gif, (2.7)
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Figure 2.1: Results from the numerical analysis for MCHM14L−14R (blue), MCHM14L−5R (brown) and
MCHM5L−14R (magenta) are shown. In the left panel ktth is plotted against ξ while at the right panel we show
the correlation between k
(t)
ggh and ktth. While generating the model points we vary the strong couplings gi and gρ
in the range [1, 2pi] and λL,Ri /gi within [−1, 1]. All the points shown in the plots satisfy the phenomenological
constraints given in Eqs. (2.9).
where λL,Ri are dimensionless constants and gi denote strong couplings. In the present analysis, we
keep |λi| /gi < 1. The strong sector coupling strengths are kept well within the perturbative limits,
i.e. 1 < gi < 2pi. Regarding the integrals over the form factors in fermionic sector, the loop factors
and the dimensionful variables are shown explicitly. Some group theoretic factors also emerge due to
the decomposition of the SO(5) resonances in terms of SO(4) multiplets. We assume that sufficient
number of resonances with coupling strengths gi saturate the form factors, rendering the integrals
finite. As an illustration, we show one of the integrals involved in the Higgs potential, as parametrized
in [3, 68,69] ∫
d4q
(2pi)4
(
ΠL,R1,2 (q)
ΠL,R0 (q)
)n
' c(n)1,2
1
16pi2
(
ΠL,R1,2 (0)
ΠL,R0 (0)
)n
g4i f
4 , n = 1, 2, (2.8)
where c
(n)
1,2 are O(1) numbers and the forms factors are displayed in Appendix B. Finally we use the
following phenomenological constraints to generate the allowed parameter space:
169 GeV < mt < 176 GeV, v = 246 GeV,
123 GeV < mh < 127 GeV, 1 TeV < mi = gif < 2pif . (2.9)
We present the results of our numerical analysis in Fig. 2.1. Depending on the embedding of the
top quark the value of ktth varies. Interestingly, for MCHM14L−14R and MCHM14L−5R we get an
enhancement in top Yukawa coupling compared to its SM value (ktth > 1), for a large number of
model points. On the other hand, for MCHM5L−14R the top Yukawa is always suppressed. This is
linked to the relative sign between the coefficients of the two Yukawa invariants. In Fig. 2.1 (right
panel) we show the variation of k
(t)
ggh with ktth, and one observes that the two quantities are almost
equal for all model points. This implies that the numerical impact of the wave function renormalization
of the top quark is very small.
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Figure 2.2: The variation of ktth′ with χ = 〈η〉2/f2 is shown. In the left panel, for illustration, we keep the
ratio ΠRη /Π
R
0 (see Appendix C) fixed at 0.2, and plot the curves for different values of ξ. In the right panel
we fix ξ and plot for different values of the ratio mentioned above. While plotting the curves we assume that
ΠL,R1  ΠL,R0 and the mixing angle θmix < 0.25 is respected.
2.2 SO(6)/SO(5) Coset
The next-to-minimal model, with SO(6)/SO(5) coset includes a real singlet scalar (η) along with the
usual Higgs doublet. Quite a few interesting features emerge in this case, depending on whether η
acquires a vev [21, 43, 44] or not [70–73]. In the present section we discuss the effect of the η-vev and
consequently the doublet-singlet scalar mixing on the Yukawa couplings. Here we follow the convention
and notation as presented in [21].
In this case the structure of the Lagrangian involving the top quark is similar to Eq. (2.2), with
the exception that the Π-functions are dependent both on h and η, as shown in Appendix C, for
different representations. Although compared to SO(5)/SO(4) coset, more possibilities of embedding
tL and tR in different SO(6) multiplets exist, we stick to the choices shown in Appendix A.2 only.
The Lagrangian, in terms of the canonically normalized quantum fields (hn, ηn), upon electroweak
symmetry breaking, can be written as
L ⊃ mttt+ ktthn
(mt
v
)
hntt+ kttηn
(mt
v
)
ηntt . (2.10)
Due to the doublet-singlet mixing, the state corresponding to the observed Higgs field is
h′ = cos θmixhn − sin θmixηn , (2.11)
where θmix denotes the amount of mixing and is constrained by the LHC Higgs data. For the case,
where both mη  mh and 〈η〉  〈h〉, the mixing angle can be simply parametrized as [44]
θmix ∼ 〈h〉〈η〉
m2η
 1 . (2.12)
We also observe that
kttηn ∝ −
√
ξχ
1− χ , (2.13)
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where χ = 〈η〉2/f2. Because of an inherent Z2 symmetry associated with our choice of embedding, η
couples with the top quark as η2. When the Z2 symmetry is spontaneously broken the dependence on
χ appears. The appearance of ξ is a consequence of constructing an SU(2) invariant Yukawa-like term
involving the η field. Finally the expression for the Yukawa coupling modifier involving the observed
Higgs is obtained as
ktt¯h′ = cos θmixktt¯hn − sin θmixktt¯ηn . (2.14)
We show some representative plots illustrating the impact of χ on the Yukawa coupling modifier. In
Fig. 2.2 we present the variation of ktth′ with χ for NMCHM6L−6R . Obviously extra model dependence
appears in the case of symmetric representation (20), where more than one Yukawa invariant exist.
3 Effective Phenomenological Lagrangian
The modifications in the Higgs couplings as discussed in the previous section have two generic features:
(i) modification in V V h coupling, arising from the non-linearity of the pNGBs, is universal as long
as the coset belongs to SO(N)/SO(N − 1) group (modulo the mixing with other states), and (ii)
modification of the Yukawa couplings depends on the choice of fermion embeddings. These can be
captured in an effective Lagrangian as,
L = LSMEFT + ∆L ,
LSMEFT ⊃ ∂µH†∂µH + g
2
2
H†H
(
WµW
µ +
1
2 cos θ2w
ZµZ
µ
)
−
∑
u
yuqLH
cuR −
∑
d
ydqLHdR
−
∑
i=u,d
αs
8pi
yib
s
i
H†H
v2
GµνG
µν − αem
8pi
∑
i=u,d
yib
em
i − gbemW
 H†H
v2
FµνF
µν .
(3.1)
Above, LSMEFT comprises of the Standard Model effective Lagrangian with relevant dimension-4 and
dimension-6 operators, where the explicit forms of the numerical coefficients bi are given in [74]. In
the SO(5)/SO(4) models, additional contributions to dimension-6 operators emerge, given by
∆L ⊃ 1
2f2
∂µ(H
†H)∂µ(H†H)−
∑
u
(∆′u + δu)yu
H†H
f2
qLH
cuR −
∑
d
(∆′d + δd)yd
H†H
f2
qLHdR
−
∑
i=u,d
αs
8pi
∆′iyib
s
i
H†H
f2
GµνG
µν − αem
8pi
∑
i=u,d
∆′iyib
em
i
H†H
f2
FµνF
µν . (3.2)
In the above Lagrangian we have dropped terms which are highly constrained by the electroweak
precision observables [45]. One can read off the Yukawa and ggh/γγh coupling modifiers as
kff¯h = 1 +
(
∆′f + δf −
1
2
)
ξ ≡ 1 + (∆f + δf ) ξ, k(f)ggh/γγh = 1 +
(
∆′f −
1
2
)
ξ ≡ 1 + ∆fξ , (3.3)
and the modifier for V V h coupling as
kV V h = 1− 1
2
ξ . (3.4)
While ξ represents the ratio of the weak scale to the effective scale of the theory, thus naturally
controlling the coupling modifiers, a brief discussion of the other two parameters, namely ∆ and δ, in
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Modifiers Dependence on parameters
kV V h (V V = WW,ZZ) 1− 12ξ
ktth 1 + (∆t + δt) ξ
k
(t)
ggh/γγh 1 + ∆tξ
kbbh 1− 32ξ
k
(b)
ggh 1− 32ξ
kττh 1− 32ξ
Table 3.1: Scaling of the Higgs effective couplings for SO(5)/SO(4) model.
the effective Lagrangian is in order. The origin of ∆ can be traced back to the nonlinear realization of
the pNGB sector. In scenarios containing only one Yukawa invariant this is a numerical constant (e.g.
in MCHM5L−5R , ∆ ' −3/2), while in the extended models with several invariants this factor may
deviate depending on the details of the strong sector resonances. In contrast, δ reflects the effect of
partial composite nature of the top quark in these theories, contributing to the anomalous dimension
of the top quark. In the effective ggh and γγh vertex, in fact, contributions from the wave function
renormalization cancel against the resonance loop contributions [31, 67]. In our phenomenological
analysis, that follows in the next section, we will employ the effective Lagrangian (Eqs. (3.1) and
(3.2)), to confront the LHC Higgs data. All fitting are done assuming ∆t and δt to be free parameters.
Further we assume that the bottom and τ Yukawa couplings are modified only by the universal factor
∆b = ∆τ = −3/2, i.e. they are always suppressed compared to their SM values. We also make
a reasonable approximation δb = δτ = 0. A complete list of all the coupling modifiers within the
SO(5)/SO(4) model is given in Table 3.1 7. The explicit expressions of ∆t and δt in terms of the form
factors are defined in Table D.1 of Appendix D.
The main feature that gets added when one moves to the next-to-minimal model is the presence of an
additional singlet scalar and its mixing with the Higgs doublet. A description of the composite models
including a SM singlet in the context of a strongly interacting light Higgs can be found in [75]. Here
we present a simplified effective Lagrangian keeping only the dominant terms. We add the following
piece involving η to Eqs. (3.1) and (3.2),
∆Lη ∼ 1
2
∂µη∂
µη −
∑
u
yu(∆
η
u)
′ η2
f2
qLH
cuR −
∑
d
yd(∆
η
d)
′ η2
f2
qLHdR . (3.5)
Note that the dimension-5 operators involving a single η field is not allowed in the presence of a Z2
symmetry, as discussed in previous section. Due to doublet-singlet scalar mixing (θmix), the Yukawa
modifier for the observed Higgs boson (h′) assumes the following form
kff¯h′ = cos θmix (1 + (∆f + δf )ξ) + sin θmix∆
η
f
√
ξ , (3.6)
where ∆ηf is a function of (∆
η
f )
′ and the η-vev. The expressions for ∆ηt for different representations
are given in Table D.2 of Appendix D. In the following analysis we assume ∆ηt = ∆
η
b for simplicity.
7In [53], effective ggh and γγh coupling modifiers have been calculated keeping only the dominant terms: kggh '
1.06 (k
(t)
ggh)
2 + 0.01 (k
(b)
ggh)
2 − 0.07 k(b)gghk(t)ggh and kγγh ' 0.07 (k(t)γγh)2 + 1.59 k2WWh − 0.66 k(t)γγhkWWh.
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The V V h′ coupling modifier now picks up the additional factor cos θmix compared to the minimal
coset (see Eq. (3.4))
kV V h′ = cos θmix
√
1− ξ. (3.7)
4 Constraints from LHC Run 1 and Run 2 Higgs data
In this section we discuss how the Higgs coupling modifications confront the recent LHC data [53–66].
We perform a χ2 fit to assess the present constraints starting from the effective Lagrangian introduced
in the previous section. We use the combined ATLAS+CMS Run 1 results for signal strengths, given
by the ‘six-parameter’ fit as shown in Table 15 of [53]. The so far available Run 2 (13 TeV) results
are summarized in Table 4.1.
Run 2 Data
Collaboration References Decay Channels Production Modes Results
[54] WW VBF 1.70+1.10−0.90
ggF 0.80+0.19−0.18
[55, 56] γγ V BF 2.10+0.60−0.60
V H 0.70+0.90−0.80
ttH 0.60+0.70−0.60
ATLAS [57] ZZ∗ ggF 1.11+0.25−0.22
V BF 4.00+1.77−1.46
[56, 58] bb V H 1.20+0.42−0.36
ttH 0.80+0.60−0.60
[56, 59] Multileptons ttH 1.60+0.50−0.40
[60] WW ggF + V BF + V H 1.050+0.26−0.26
ggF 1.11+0.19−0.18
[61] γγ V BF 0.50+0.60−0.50
V H 2.30+1.10−1.00
ttH 2.20+0.90−0.80
CMS [62] ZZ∗ ggF + ttH 1.20+0.35−0.31
[63] ττ ggF + V BF + V H 1.06+0.25−0.24
[64] bb ZH 1.20+0.40−0.40
[65] τh+others ttH 0.72
+0.62
−0.53
[66] Multileptons ttH 1.50+0.50−0.50
Table 4.1: Results from the ATLAS and CMS collaborations for Higgs signal strengths at 13 TeV are tabulated.
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Figure 4.1: Results of χ2 analysis for Run 1 and Run 1 + Run 2 datasets are shown in the left and right
panels, respectively. Solid black line represents ∆χ2 = χ2 − χ2min for the extended models, while the red dashed
lines represents the same for MCHM5L−5R . Green and yellow regions denote the allowed range for ξ at 68%
and 95% CL, respectively.
The effective Lagrangian given in Eq. (3.2), which corresponds to SO(5)/SO(4) coset, have three inde-
pendent parameters ξ, ∆t and δt. Using this parametrization we calculate the Higgs signal strengths
in various final states normalized to their SM values. These are then compared with the data using
the χ2 fit. The minimum value of the χ2 and corresponding best-fit values of the parameters in the
extended models are given below.
• Run 1 :
χ2min = 1.92, ∆t = −0.31, δt = 0.10, ξ = 0.13 , (4.1)
• Run 1 + Run 2 :
χ2min = 18.85, ∆t = −0.06, δt = 0.02, ξ = 0.05 . (4.2)
This may be compared with a similar fit obtained for the MCHM5L−5R with only one free parameter
ξ. The best-fit values are given by
• Run 1 :
χ2min = 3.43, ξ = 0.007 , (4.3)
• Run 1 + Run 2 :
χ2min = 19.72, ξ = 0.00 . (4.4)
In Figs. 4.1 we plot ∆χ2 as a function of ξ, corresponding to our effective Lagrangian Eq. (3.2),
with all other parameters fixed to their best-fit values. For comparison, we also show the curve for
MCHM5L−5R , and our results agree with [44] wherever we overlap. For the extended models, we
obtain a lower bound f ≥ 465 GeV at 95% CL from Run 1 data only. This should be compared with
f ≥ 780 GeV at 95% CL for MCHM5L−5R . The relaxation of the bounds on f for the extended models
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Figure 4.2: In both the left and right panels, blue shaded regions denote relatively lower values of χ2/d.o.f. for
the extended models, given by the effective Lagrangian in Eq. (3.2), compared to the MCHM5L−5R . Model points,
with resonance masses and decay constants as inputs, satisfying the constraints of Eq. (2.9), are superimposed.
follows from the reduced correlation between ktth and kV V h in the effective Lagrangian in Eq. (3.2) as
compared to the tight correlation in MCHM5L−5R . We find that combined Run 1 and Run 2 data give
significantly more stringent lower bound, namely, f ≥ 640 GeV at 95% CL for the extended models.
In Figs. 4.2 we check whether the extended models fit the data better (i.e. χ2/d.o.f. is lower) than
MCHM5L−5R . In the blue shaded region the extended models, as parametrically encoded in the
effective Lagrangian in Eq. (3.2), fit relatively better for the entire range of ξ. On the same plot we
also throw the actual model points, with the resonance masses and decay constants as the strong sector
inputs, discussed on a case-by-case basis in Section 2.1, satisfying the constraints shown in Eq. (2.9).
In Figs. 4.3, the experimentally preferred regions for the coupling modifiers are shown at 68% and
95% CL in the (ktth–ξ) and (k
(t)
ggh–ktth) planes. The model points are observed to span over a large
range of the preferred regions. It may be noted that present experimental precision is not sensitive
to the value of δt separately; what is in fact bounded is the combination (∆t + δt). Future colliders
may have sufficient precision to sense the different modifications in the top Yukawa coupling and the
effective ggh coupling.
Moving to the next-to-minimal coset, we deal with a new feature that the Higgs doublet now mixes
with a real singlet. The mixing results in a further suppression of the observed Higgs boson coupling
to the massive gauge bosons. The Yukawa couplings are modified too because of the presence of a
singlet. We perform a similar χ2 analysis with the combined Run 1 and Run 2 results to impose an
upper bound on the amount of mixing. Fig. 4.4 shows that the maximum amount of mixing allowed
so far at 95% CL is θmix ∼ 0.35. Future data would constrain it even further [21].
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Figure 4.3: We present the regions in the ktth − ξ and k(t)ggh − ktth planes allowed at 68% (green) and 95%
(yellow) CL using combined Run 1 and available Run 2 data. In the left panel the red line corresponds to
MCHM5L−5R . On the right panel, the grey dashed line corresponds to δt = 0. Valid ‘extended model’ points are
observed to lie within the experimentally allowed regions.
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Figure 4.4: For the next-to-minimal model, the allowed regions in the θmix − ξ plane at 68% (green) and 95%
(yellow) CL are shown using the combined Run 1 and available Run 2 data. The brown lines represent the
contours of fixed ktth′ , while the blue dashed lines correspond to that of kV V h′ .
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5 Conclusions
Non-linearity of pNGB dynamics modifies the Higgs boson couplings with the weak gauge bosons
as well as with the fermions compared to their SM expectations. The ratio ξ, which parametrizes
the hierarchy between the weak scale and the strong sector spontaneous symmetry breaking scale,
controls this deformation. In MCHM5L−5R , the Yukawa sector contains a single invariant. Here, the
single parameter ξ appears in the modifications of both V V h and ff¯h couplings, leading to a rather
strong lower limit f ≥ 1 TeV, as the data show increasing affinity towards the SM predictions. In the
extended models, MCHM14L−14R , MCHM14L−5R and MCHM5L−14R , owing to the presence of more
than one invariant in the Yukawa sector, the ff¯h coupling modifier depends on other parameters of
the strong sector in addition to ξ. This releases the tension leading to a new lower limit f ≥ 640 GeV,
which is much relaxed compared to the limit in MCHM5L−5R .
An important feature of these models is the emergence of a parametric difference in the top Yukawa
and the effective gluon-gluon-Higgs vertices. This arises because of a cancellation between the top-
partner resonance masses in the loop with the wave function renormalization of the top quark in the
calculation of the effective ggh vertex. However, the present data is insensitive to smell this difference.
We have in fact constructed a phenomenological Lagrangian which captures the effects of a vast
array of such models with different fermionic representations. We have constrained the parameters
of this Lagrangian using LHC data and observed that the allowed regions are quite consistent with a
reasonable choice of strong sector input parameters of the individual models which yield correct values
of mt, v and mh.
We have extended our analysis to the next-to-minimal model as well. The appearance of a real singlet
scalar adds a new twist to phenomenology, whose mixing with the Higgs doublet is constrained by the
LHC data. Interestingly, the singlet scalar also contributes to the top Yukawa through an effective
higher dimensional operator.
Our analysis shows that further precision, likely to be achieved in future colliders, would constrain
these scenarios to the extent that individual models could be discriminated, and the proposition that
the Higgs boson may have a spatial extension would be challenged with more ammunition.
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A Fermion Embeddings
A.1 SO(5)/SO(4) Coset
Fundamental 5 and symmetric 14 representations of SO(5) can be decomposed under the unbroken
SO(4) ≡ SU(2)L × SU(2)R as follows:
5 = 1⊕ 4 = (1,1)⊕ (2,2),
14 = 1⊕ 4⊕ 9 = (1,1)⊕ (2,2)⊕ (3,3). (A.1)
We embed tL into the (2,2)’s so that the correction to Zbb vertex is under control, while tR is embedded
into the (1,1). The embeddings of the top quarks into incomplete multiplets of 5 and 14 are given
below.
Q5tL =
(
Ψ(2,2), 0
)T
, T 5tR = (0, 0, 0, 0, tR)
T , (A.2)
and
Q14tL =
 04×4 ΨT(2,2)√2
Ψ(2,2)√
2
0
 , T 14tR =
(
− tR
2
√
5
I4 04×1
01×4 4
tR
2
√
5
)
, (A.3)
where
Ψ(2,2) =
1√
2
(ibL, bL, itL,−tL). (A.4)
A.2 SO(6)/SO(5) Coset
Decomposition of different representations of SO(6), used in the main text, under the maximal sub-
group SO(6) ⊃ SO(4)× SO(2) ' SU(2)L × SU(2)R × U(1)η, is as follows:
60 = (2,2)0 ⊕ (1,1)2 ⊕ (1,1)−2 ,
150 = (1,1)0 ⊕ (2,2)2 ⊕ (2,2)−2 ⊕ (3,1)0 ⊕ (1,3)0 , (A.5)
200 = (1,1)0 ⊕ (1,1)4 ⊕ (1,1)−4 ⊕ (2,2)2 ⊕ (2,2)−2 ⊕ (3,3)0 ,
where the subscripts denote the charges under U(1)η. Embedding of tL and tR in the above represen-
tations are given as
Q6tL =
(
Ψ(2,2), 0, 0
)T
, T 6tR = (0, 0, 0, 0, 0, tR)
T , (A.6)
Q15tL =

04×4 0
ΨT
(2,2)√
2
0
−Ψ(2,2)√
2
02×2
 , T 15tR =

0 −i tR2
i tR2 0
02×2
02×2
0 i tR2
−i tR2 0
04×2
02×4 02×2
 , (A.7)
and
Q20tL =

04×4 0
ΨT
(2,2)√
2
0
Ψ(2,2)√
2
02×2
 , T 20tR =
(
− tR
2
√
3
I4 04×2
02×4 tR√3I2
)
. (A.8)
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B Details of Form Factors
The form factors appearing in Table 2.1 can be decomposed under unbroken SO(4) and written in
terms of masses and decay constants of the resonances. Detailed expressions of the form factors for
MCHM14L−14R , MCHM14L−5R and MCHM5L−14R models are listed below (for calculations, see [31]).
MCHM14L−14R
ΠL0 = 1 +
|FL4 |2
q2 +m24
,
ΠL1 =
(
5
4
|FL1 |2
q2 +m21
− 5
2
|FL4 |2
q2 +m24
+
5
4
|FL9 |2
q2 +m29
)
,
ΠL2 =
(
−5
4
|FL1 |2
q2 +m21
+ 2
|FL4 |2
q2 +m24
− 3
4
|FL9 |2
q2 +m29
)
,
ΠR0 = 1 +
|FR1 |2
q2 +m21
,
ΠR1 =
(
5
2
|FR4 |2
q2 +m24
− 5
2
|FR1 |2
q2 +m21
)
,
ΠR2 =
(
25
16
|FR1 |2
q2 +m21
− 5
2
|FR4 |2
q2 +m24
+
15
16
|FR9 |2
q2 +m29
)
,
ΠLR1 = −
√
5
2
(
FL1 F
R∗
1 m1
q2 +m21
− F
L
4 F
R∗
4 m4
q2 +m24
)
,
ΠLR2 = −
(
−5
√
5
8
FL1 F
R∗
1 m1
q2 +m21
+
√
5
FL4 F
R∗
4 m4
q2 +m24
− 3
√
5
8
FL9 F
R∗
9 m9
q2 +m29
)
.

(B.1)
MCHM14L−5R
ΠL0 = 1 +
|FL4 |2
q2 +m24
,
ΠL1 =
5
4
|FL1 |2
q2 +m21
− 5
2
|FL4 |2
q2 +m24
+
5
4
|FL9 |2
q2 +m24
,
ΠL2 = 2
|FL4 |2
q2 +m24
− 5
4
|FL1 |2
q2 +m21
− 3
4
|FL9 |2
q2 +m24
,
ΠR0 = 1 +
|FR1 |2
q2 +m21
,
ΠR1 =
|FR4 |2
q2 +m24
− |F
R
1 |2
q2 +m21
,
ΠLR1 =
1√
2
FL4 F
R∗
4 m4
q2 +m24
−
√
5
2
FL1 F
R∗
1 m1
q2 +m21
,
ΠLR2 =
√
5
2
FL1 F
R∗
1 m1
q2 +m21
−
√
2
FL4 F
R∗
4 m4
q2 +m24
.

(B.2)
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MCHM5L−14R
ΠL0 = 1 +
|FL4 |2
q2 +m24
ΠL1 =
1
2
( |FL1 |2
q2 +m21
− |F
L
4 |2
q2 +m24
)
ΠR0 = 1 +
|FR1 |2
q2 +m21
ΠR1 =
5
2
( |FR4 |2
q2 +m24
− |F
R
1 |2
q2 +m21
)
ΠR2 =
25
16
|FR1 |2
q2 +m21
− 5
2
|FR4 |2
q2 +m24
+
15
16
|FR9 |2
q2 +m24
ΠLR1 =
√
5
2
FL4 F
R∗
4 m4
q2 +m24
− 1√
2
FL1 F
R∗
1 m1
q2 +m21
ΠLR2 =
5
√
2
8
FL1 F
R∗
1 m1
q2 +m21
−
√
5
2
FL4 F
R∗
4 m4
q2 +m24

(B.3)
C Π-functions for Next-to-Minimal Models
The Π-functions for the next-to-minimal case are given for different representations in Table C.1. The
NMCHM15L−1R case is not included in the table because it cannot generate a Yukawa term in the
Lagrangian.
Models ΠtL(h, η) ΠtR(h, η) ΠtLtR(h, η)
NMCHM6L−1R Π
L
0 + Π
L
1
h2
f2
ΠR0 Π
LR
1
h
f
NMCHM6L−6R Π
L
0 + Π
L
1
h2
f2
ΠR0 +Π
R
1
h2
f2
+ΠRη
η2
f2
ΠLR1
h
f
√
1− h2
f2
− η2
f2
NMCHM6L−15R Π
L
0 + Π
L
1
h2
f2
ΠR0 + Π
R
1
h2
f2
ΠLR1
h
f
NMCHM6L−20R Π
L
0 + Π
L
1
h2
f2
ΠR0 +Π
R
1
h2
f2
+ΠR2
h4
f4
h
f
(
ΠLR1 + Π
LR
2
h2
f2
)
NMCHM15L−6R Π
L
0 +Π
L
1
h2
f2
+ΠLη
η2
f2
ΠR0 +Π
R
1
h2
f2
+ΠRη
η2
f2
ΠLR1
h
f
NMCHM15L−15R Π
L
0 +Π
L
1
h2
f2
+ΠLη
η2
f2
ΠR0 + Π
R
1
h2
f2
ΠLR1
h
f
√
1− h2
f2
− η2
f2
NMCHM15L−20R Π
L
0 +Π
L
1
h2
f2
+ΠLη
η2
f2
ΠR0 +Π
R
1
h2
f2
+ΠR2
h4
f4
ΠLR1
h
f
√
1− h2
f2
− η2
f2
NMCHM20L−1R
ΠL0 +Π
L
1
h2
f2
+ΠL2
h4
f4
ΠR0 Π
LR
1
h
f
√
1− h2
f2
− η2
f2+ΠLη
η2
f2
+ΠLhη
h2
f2
η2
f2
NMCHM20L−6R
ΠL0 +Π
L
1
h2
f2
+ΠL2
h4
f4
ΠR0 + Π
R
1
h2
f2
+ ΠRη
η2
f2
h
f
(
ΠLR1 + Π
LR
2
h2
f2
+ ΠLRη
η2
f2
)
+ΠLη
η2
f2
+ΠLhη
h2
f2
η2
f2
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NMCHM20L−15R
ΠL0 +Π
L
1
h2
f2
+ΠL2
h4
f4
ΠR0 + Π
R
1
h2
f2 Π
LR
1
h
f
√
1− h2
f2
− η2
f2+ΠLη
η2
f2
+ΠLhη
h2
f2
η2
f2
NMCHM20L−20R
ΠL0 +Π
L
1
h2
f2
+ΠL2
h4
f4
ΠR0 + Π
R
1
h2
f2
+ ΠR2
h4
f4
h
f
√
1− h2
f2
− η2
f2
(
ΠLR1 + Π
LR
2
h2
f2
)
+ΠLη
η2
f2
+ΠLhη
h2
f2
η2
f2
Table C.1: List of Π-functions for different representations of next-to-minimal model.
D Expressions for ∆t, δt and ∆
η
t
In Table D.1 we list the expressions for ∆t and δt for the models MCHM5L−5R , MCHM14L−14R ,
MCHM14L−5R and MCHM5L−14R , respectively.
Models ∆t δt
MCHM5L−5R −32 −
(
ΠL1
ΠL0
+
ΠR1
ΠR0
)
MCHM14L−14R 2
ΠLR2
ΠLR1
− 32 −
(
ΠL1
ΠL0
+
ΠR1
ΠR0
)
MCHM14L−5R 2
ΠLR2
ΠLR1
− 12 −
(
ΠL1
ΠL0
+
ΠR1
ΠR0
)
MCHM5L−14R 2
ΠLR2
ΠLR1
− 12 −
(
ΠL1
ΠL0
+
ΠR1
ΠR0
)
Table D.1: Expressions for ∆t and δt for different representations of SO(5) in which top quark is embedded.
We present the expressions for (∆t+ δt) and ∆
η
t , as defined in Eq. (2.12), in terms of the form factors,
for different SO(6) representations in Table D.2.
Models Coupling Modifiers
NMCHM6L−1R ∆t+δt −
(
ΠL1
ΠL0
+ 12
)
∆ηt 0
NMCHM6L−6R ∆t+δt −
(
1 +
ΠRη
ΠR0
χ
)−1 [
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 32 +
(
ΠL1
ΠL0
ΠRη
ΠR0
+ 12
ΠRη
ΠR0
)
χ
]
∆ηt
(
1 +
ΠRη
ΠR0
)(
1 +
ΠRη
ΠR0
χ
)−1√
χ
1−χ
NMCHM6L−15R ∆t+δt −
[
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 12
]
∆ηt 0
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NMCHM6L−20R ∆t+δt
[
2
ΠLR2
ΠLR1
− ΠL1
ΠL0
− ΠR1
ΠR0
− 12
]
∆ηt 0
NMCHM15L−6R ∆t+δt
−
(
1 +
ΠLη
ΠL0
χ
)−1 (
1 +
ΠRη
ΠR0
χ
)−1 [
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 12
−
(
1
2
ΠLη
ΠL0
+ 12
ΠRη
ΠR0
− ΠL1
ΠL0
ΠRη
ΠR0
− ΠR1
ΠR0
ΠLη
ΠL0
)
χ− 32
ΠLη
ΠL0
ΠRη
ΠR0
χ2
]
∆ηt (1− χ)
(
1 +
ΠLη
ΠL0
χ
)−1 (
1 +
ΠRη
ΠR0
χ
)−1 [ΠLη
ΠL0
+
ΠRη
ΠR0
+ 2
ΠLη
ΠL0
ΠRη
ΠR0
χ
]√
χ
1−χ
NMCHM15L−15R ∆t+δt −
(
1 +
ΠLη
ΠL0
χ
)−1 [
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 32 +
(
1
2
ΠLη
ΠL0
+
ΠLη
ΠL0
ΠR1
ΠR0
)
χ
]
∆ηt
(
1 +
ΠLη
ΠL0
)(
1 +
ΠLη
ΠL0
χ
)−1√
χ
1−χ
NMCHM15L−20R ∆t+δt −
(
1 +
ΠLη
ΠL0
χ
)−1 [
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 32 +
(
1
2
ΠLη
ΠL0
+
ΠLη
ΠL0
ΠR1
ΠR0
)
χ
]
∆ηt
(
1 +
ΠLη
ΠL0
)(
1 +
ΠLη
ΠL0
χ
)−1√
χ
1−χ
NMCHM20L−1R ∆t+δt −
(
1 +
ΠLη
ΠL0
χ
)−1 [
ΠL1
ΠL0
+ 32 +
(
1
2
ΠLη
ΠL0
+
ΠLhη
ΠL0
)
χ
]
∆ηt
(
1 +
ΠLη
ΠL0
)(
1 +
ΠLη
ΠL0
χ
)−1√
χ
1−χ
NMCHM20L−6R ∆t+δt
(
1 +
ΠLη
ΠL0
χ
)−1 (
1 +
ΠRη
ΠR0
χ
)−1 (
1 +
ΠLRη
ΠLR1
χ
)−1 [
2
ΠLR2
ΠLR1
− ΠL1
ΠL0
− ΠR1
ΠR0
− 12
+
(
1
2
ΠLη
ΠL0
+ 12
ΠRη
ΠR0
− 52
ΠLRη
ΠLR1
− Π
L
hη
ΠL0
+ 2
ΠLR2
ΠLR1
ΠLη
ΠL0
+ 2
ΠLR2
ΠLR1
ΠRη
ΠR0
− ΠL1
ΠL0
ΠRη
ΠR0
−ΠR1
ΠR0
ΠLη
ΠL0
− ΠL1
ΠL0
ΠLRη
ΠLR1
− ΠR1
ΠR0
ΠLRη
ΠLR1
)
χ+
(
3
2
ΠLη
ΠL0
ΠRη
ΠR0
− 32
ΠLη
ΠL0
ΠLRη
ΠLR1
− 32
ΠRη
ΠR0
ΠLRη
ΠLR1
−Π
L
hη
ΠL0
ΠRη
ΠR0
− Π
L
hη
ΠL0
ΠLRη
ΠLR1
+ 2
ΠLR2
ΠLR1
ΠLη
ΠL0
ΠRη
ΠR0
− ΠR1
ΠR0
ΠLη
ΠL0
ΠLRη
ΠLR1
− ΠL1
ΠL0
ΠRη
ΠR0
ΠLRη
ΠLR1
)
χ2
+
(
−12
ΠLη
ΠL0
ΠRη
ΠR0
ΠLRη
ΠLR1
− Π
L
hη
ΠL0
ΠRη
ΠR0
ΠLRη
ΠLR1
)
χ3
]
∆ηt
−(1− χ)
(
1 +
ΠLη
ΠL0
χ
)−1 (
1 +
ΠRη
ΠR0
χ
)−1 (
1 +
ΠLRη
ΠLR1
χ
)−1[
2
ΠLRη
ΠLR1
− ΠLη
ΠL0
− ΠRη
ΠR0
+
(
ΠLη
ΠL0
ΠLRη
ΠLR1
+
ΠRη
ΠR0
ΠLRη
ΠLR1
− 2ΠLη
ΠL0
ΠRη
ΠR0
)
χ
]√
χ
1−χ
NMCHM20L−15R ∆t+δt −
(
1 +
ΠLη
ΠL0
χ
)−1 [
ΠL1
ΠL0
+
ΠR1
ΠR0
+ 32 +
(
1
2
ΠLη
ΠL0
+
ΠLhη
ΠL0
+
ΠLη
ΠL0
ΠR1
ΠR0
)
χ
]
∆ηt
(
1 +
ΠLη
ΠL0
)(
1 +
ΠLη
ΠL0
χ
)−1√
χ
1−χ
NMCHM20L−20R ∆t+δt
(
1 +
ΠLη
ΠL0
χ
)−1 [
2
ΠLR2
ΠLR1
− ΠL1
ΠL0
− ΠR1
ΠR0
− 32
+
(
2
ΠLR2
ΠLR1
ΠLη
ΠL0
− ΠR1
ΠR0
ΠLη
ΠL0
− 12
ΠLη
ΠL0
− Π
L
hη
ΠL0
)
χ
]
∆ηt
(
1 +
ΠLη
ΠL0
)(
1 +
ΠLη
ΠL0
χ
)−1√
χ
1−χ
Table D.2: Expressions for (∆t + δt) and ∆
η
t for different representations of SO(6) in which the top quark is
embedded.
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